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A sampling-adjusted macroevolutionary history for
Ordovician–Early Silurian crinoids

Shanan E. Peters and William I. Ausich

Abstract.—Temporal variation in sampling intensity and geologically controlled rates of fossil pres-
ervation distort macroevolutionary patterns in the fossil record. Here, we use a comprehensive, list-
based compilation of taxonomically and stratigraphically vetted global crinoid genus occurrences
to evaluate and correct for the effects of variable and incomplete sampling from the Ordovician
through Early Silurian. After standardizing the number of occurrences or the number of biofacies
used to estimate the stratigraphic ranges of genera and after adjusting rates of turnover to account
for the incomplete preservation of true extinction and origination pulses, we find support for sev-
eral important revisions to the macroevolutionary history of crinoids. First, in contrast to the un-
corrected data, sample-standardized genus richness does not appear to increase by more than 20%
after an abrupt Middle Ordovician (Harnagian) diversification. Second, the only significant short-
term change in genus richness following the Harnagian increase is a �24% decline from the Raw-
theyan to the Hirnantian. Third, volatility in rates of genus extinction is increased after adjusting
for preservation and there remain significant peaks of extinction in the Rawtheyan, which marks
the end-Ordovician extinction, and in the middle of the Early Silurian. Finally, significant increases
in origination rates occur in the Early Silurian. These results reaffirm the importance of the end-
Ordovician extinction for crinoids, but they also highlight the comparatively poorly sampled Early
Silurian as a time of turnover among crinoids.

Crinoid genus extinction rates are positively correlated with area-weighted rates of sedimentary
package truncation, suggesting that extinction may have been controlled by physical environmental
changes, such as the contraction of unique epicontinental sea habitats. The lack of a correlation
between genus origination and sedimentary package initiation reinforces this hypothesis and sug-
gests that other factors, such as evolutionary innovations and biotic interactions during the Or-
dovician radiation, may have been more important in controlling the diversification of crinoids.
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Introduction

Two major types of bias distort macroevo-
lutionary patterns in the fossil record: those
that are intrinsic to the scientific process of ac-
cumulating knowledge, including socioeco-
nomically induced discrepancies in geograph-
ic sampling (Sheehan 1977; Kiessling 2005),
incomplete sampling (Signor and Lipps 1982;
Foote 2000), and taxonomic and stratigraphic
errors and inconsistencies (Smith and Jeffery
1998; Adrain and Westrop 2000; Ausich and
Peters 2005), and those that are extrinsic to the
scientific process and inherent in the geolog-
ical record itself, such as rock quantity and
availability (Raup 1976; Smith 2001; Peters
and Foote 2001; Crampton et al. 2003; Peters
2005), sequence architecture (Holland 1995,
2000; Smith et al. 2001), geographic distribu-
tion of rock (Allison and Briggs 1993), and

taphonomic and diagenetic factors (e.g., Kid-
well and Holland 2002; Cherns and Wright
2000; Wright et al. 2003). If all of these biases
were uncorrelated, of comparable magnitude,
and randomly distributed in time and among
taxa, then macroevolutionary patterns derived
from the fossil record would be noisy and dif-
fused by incomplete sampling (Signor and
Lipps 1982; Foote 2000), but they would not be
fundamentally distorted. However, both in-
trinsic and extrinsic biases are known to
change over time, and many biases are likely
to be correlated, a situation that could render
many face-value macroevolutionary patterns
little more than complicated artifacts.

Although no study has yet addressed si-
multaneously every conceivable source of
bias, there have been numerous efforts to
quantitatively test or correct the effects of
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some intrinsic biases (e.g., Adrain and Wes-
trop 2000; Jeffery 2001; Ausich and Peters
2005), some extrinsic biases (e.g., Holland
1996; Holland and Patzkowsky 2002; Peters
and Foote 2002; Peters 2005, 2006a), or some
combination of the two (e.g., Miller and Foote
1996; Alroy et al. 2001; Smith et al. 2001; Foote
2003, 2005; Crampton et al. 2006; Kiessling
2006). Here, we use a comprehensive, taxo-
nomically and stratigraphically vetted global
compilation of Ordovician-Early Silurian (O-
ES) crinoid genus occurrences to estimate the
magnitudes of intrinsic and extrinsic biases
and to then remove those biases by standard-
izing sampling effort. We also estimate the
probability of sampling a crinoid genus in
each time interval and then use those proba-
bilities to find the best-fit true extinction and
origination histories using a survivorship-
based rate optimization procedure (Foote
2003). Finally, we compare the macroevolu-
tionary history of crinoids to quantitative
measures of the rock record in order to eval-
uate extrinsic biases and to explore possible
causal mechanisms for the newly documented
evolutionary patterns.

Crinoids constitute one of the defining
clades in Sepkoski’s Paleozoic Evolutionary
Fauna (Sepkoski 1981) and are important
components of many post-Cambrian Paleo-
zoic marine communities. Understanding the
dynamics of crinoid macroevolution is there-
fore important both in its own right and be-
cause it is likely to be relevant to other Paleo-
zoic epifaunal suspension feeders. We have
chosen to focus on the O-ES interval because
it includes the second most severe mass ex-
tinction in the face-value fossil record of ma-
rine animals (the end-Ordovician mass extinc-
tion; Sepkoski 1981; Raup and Sepkoski 1982)
and because the O-ES is thought to be pivotal
in the evolution of many marine organisms,
including crinoids (e.g., Eckert 1988; Donovan
1988, 1989; Baumiller 1993; Ausich et al. 1994;
Eckert and Brett 2001; Droser and Finnegan
2003). In addition to the mass extinction at the
end of the Ordovician, the O-ES also marks
the first major macroevolutionary turnover
between crinoid evolutionary faunas (Baum-
iller 1993; Ausich et al. 1994).

Data and Methods

Data Compilation. Crinoid occurrence data
were gathered from the systematic literature,
which is easily accessible using Webster
(2003), the Paleobiology Database (http://
paleodb.org), and first-hand experience of the
authors. Crinoid species assemblages were
compiled globally for the entire Ordovician
and Llandovery. Data derive primarily from
species that are recognized by calyx and arm
morphology, but, in rare instances, genera
identifiable on the basis of isolated columnals
(e.g., the square columnals of Xenocrinus) were
included.

Valid crinoid species occurrences were giv-
en updated genus assignments and then com-
piled into lists representing an assemblage of
known fossils from a limited stratigraphic and
geographic setting. For example, all crinoid
species that have been described from the Leb-
anon Limestone (Guensburg 1984), which out-
crops over a relatively limited area in the
Nashville Dome (Holland and Patzkowsky
1998), were compiled into a single list of spe-
cies occurrences. The age of each biofacies was
then determined by using up-to-date correla-
tion schemes, not ages reported in the original
references, which can be incorrect (Ausich and
Peters 2005).

The term ‘‘biofacies’’ is here used to de-
scribe the crinoid lists because they do not
typically represent single field censuses. In-
stead they approximate the environmental
and spatial scale of a biofacies and represent
the cumulative efforts of one or more taxo-
nomic specialists. In cases where a single bio-
facies spans two or more time intervals, sep-
arate biofacies were identified for each. This
protocol is largely a methodological conve-
nience, but we believe that subdividing bio-
facies that span more than one time interval
accurately reflects the distribution of crinoid
genus occurrences within each of the time in-
tervals used here (see below).

Although taxa with multi-element skeletons
are often assumed to have a poor fossil record
in comparison to more robust taxa, such as
brachiopods, the data used here allow several
important biases to be circumvented, or at
least standardized. For example, because cri-
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TABLE 1. Time intervals used in this study.

Time interval Abbreviation
Age of

base

Dura-
tion

(Myr)

Telychian T 436.0 7.8
Aeronian A 439.0 3.0
Rhuddanian R 443.7 4.7
Hirnantian H 445.6 1.9
Rawtheyan R 447.4 1.8
Cautleyan C 449.0 1.6
Pusgillian P 451.0 2.0
Onnian–Actonian O 453.6 2.6
Marshbrookian M 455.8 2.2
Soudleyan S 456.9 1.1
Harnagian-Costian H 459.0 2.1
gracilis Zone g 460.9 1.9
teretiusculus Zone t 463.7 2.8
murchisoni Zone M 464.8 1.1
bifidus Zone b 466.2 1.4
hirudo Zone h 470.8 4.6
extensus Zone E 478.6 7.8
Late Tremadoc Trem-u 485.5 6.9
Early Tremadoc Trem-1 488.3 2.8

FIGURE 1. Uncorrected crinoid genus richness. A, Total
global crinoid genus richness (range-through richness)
for 19 Ordovician and Early Silurian time intervals
(stages; see Table 1 for abbreviations). Gray line shows
total richness for Laurentia only. B, Average genus rich-
ness in biofacies (i.e., list length). Error bars show � one
standard error of the mean. A total of 1057 global oc-
currences from 264 genera were used to generate the
time series. Data plotted at age of interval midpoint.

noids and other echinoderms disarticulate
soon after death (Blyth Cain 1968; Meyer
1971), taxonomically informative articulated
echinoderm assemblages are commonly pre-
served only when storm-suspended sediment
settles rapidly over large areas of seafloor (see
Ausich 2001 and references therein). Thus,
postmortem transport, current sorting, pref-
erential destruction of fragile taxa, and other
taphonomic biases that influence the compo-
sition of more time-averaged fossil assemblag-
es are typically much less of a factor in crinoid
assemblages containing fossils identifiable to
the species or genus level, even if the forma-
tion of such assemblages occurs infrequently.

Each biofacies was assigned to one of the
substages defined by Fortey et al. (2000) and
summarized in Table 1. We chose these inter-
vals because they can be readily correlated
globally (S. Bergström personal communica-
tion 2007) and because they correspond to
newly proposed Ordovician stages (Finney
2005; Bergström et al. 2006). Median interval
duration is 2.2 Myr. To avoid accentuating
edge effects, a place-holding time interval was
also included for all of those crinoid genera
that are known to survive past the Llandov-
ery.

We must emphasize that although our cri-
noid database is as comprehensively global as

the existing taxonomically informative litera-
ture permits, of 1057 total genus occurrences,
876 (83%) derive from Laurentia (gray line,
Fig. 1A) and 120 (12%) derive from Avalonia,
Baltica, and southwestern Europe. This geo-
graphic distribution is unlikely to reflect the
true distribution of crinoids during the O-ES.
Instead, the North American and European
preponderance of data reflects a long-recog-
nized socioeconomic bias in most of the easily
accessible paleontological literature (e.g.,
Kiessling 2005). Ideally, geographic sampling
inequality could be addressed by conducting
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separate analyses for each paleocontinent and
by standardizing the spatial component of
sampling intensity, but there are presently too
few crinoid occurrences outside of North
America and Europe for this to be feasible.
Thus, the results presented here must be in-
terpreted as applying primarily to North
American and European crinoids.

Sampling Standardization. Ideally, when
trying to measure macroevolutionary patterns
through time, an equal number of equally
spaced fossil specimens would be collected in
every time interval. Times of first and last ap-
pearance and occurrences between range end-
points would then be derived from the pooled
and standardized data. Macroevolutionary
parameters would then be estimated from the
standardized samples and then adjusted for
the forward and backward smearing of true
origination and extinction pulses due to in-
complete sampling (Foote 2000, 2003). Unfor-
tunately, such a standardized approach is
rarely feasible. Instead, macroevolutionary
patterns are typically inferred on the basis of
an unknown number of fossil specimens that
are compiled into lists of taxa (occurrences)
for a given location. The number of lists, the
number of occurrences in those lists, and the
underlying number of specimens used to con-
struct the lists typically vary through time,
thereby introducing sampling artifacts. Alroy
(2000) provided a thorough treatment of the
various analytical approaches to standardiz-
ing sampling for list-based occurrence data.
Bush et al. (2004) returned to Alroy’s (2000)
work in order to reiterate his methodological
innovations, revisit the underlying assump-
tions, and challenge the interpretations of Al-
roy et al. (2001) on the basis of the occurrence
weighting scheme (see below).

Here, we attempt to remove the effects of
variable sampling by using two end-member
approaches. First, an equal number of genus
occurrences was drawn randomly without re-
placement from each time interval (occur-
rence-based rarefaction, as in Miller and Foote
1996 and rarefaction in Alroy et al. 2001). This
method assumes that variation in the number
of genera in each list is due primarily to dif-
ferences in the number of specimens sampled
locally, not to true variation in local biodiver-

sity (Bush et al. 2004). In the second approach,
an equal number of lists (i.e., biofacies) was
drawn randomly without replacement from
each time interval, irrespective of the total
number of occurrences included (list-based
rarefaction; UW in Alroy et al. 2001 and Bush
et al. 2004). This method assumes that varia-
tion in the number of taxa in each list reflects
real changes in local richness and that the
number of specimens sampled locally remains
approximately constant (Bush et al. 2004). The
assumptions of neither approach are satisfied
here, but they do bracket the optimal subsam-
pling procedure, which involves an exponen-
tial weighting of occurrence numbers to re-
flect accurately the relationship between the
number of specimens collected and the num-
ber of genera recovered (Alroy 2000; Bush et
al. 2004). However, as we will show, the two
end-member approaches yield results that are
largely congruent.

After subsampling on the basis of occur-
rences and lists, the apparent stratigraphic
range of every subsampled genus was deter-
mined from the aggregate subsampled data.
This approach is different from that taken by
Miller and Foote (1996) and Alroy et al. (2001)
because in those analyses, each interval was
treated separately and only taxa that were ac-
tually subsampled in each interval were
counted (sampled within-bin richness), a
strategy that is appropriate when there are
temporal trends in average genus durations or
edge effects related to the ‘‘pull of the Recent’’
(Raup 1979). Because these data are less sub-
ject to such effects, we calculated sample-stan-
dardized total richness, which includes
through-ranging genera. However, results are
not substantively different if sampled within-
bin richness is used instead. Each subsam-
pling routine was repeated 1000 times to es-
timate expected richness and error. All sub-
sampling analyses were conducted using cus-
tom PHP scripts interacting with a MySQL
database, but all other calculations were per-
formed using R 2.4.0 for Mac OS 10.4 (R De-
velopment Core Team 2006). Throughout, cor-
relations are reported using Spearman rank-
order coefficients (rs). Most correlations will be
calculated for time series that have detrended
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by taking first differences, which pertains
only to interval-to-interval variation.

It is worth pointing out that no sampling
standardization approach can claim to cap-
ture the true underlying macroevolutionary
pattern. This is true, if for no other reason, be-
cause evenness and rarity also play critical
roles in determining the number of taxa that
appear in incomplete samples, irrespective of
the number of taxa that may actually be pres-
ent in the target population (e.g., Olszewski
2004). Such attributes of target populations
may themselves evolve and are interesting in
their own right, but they fall outside the pur-
view of rarefaction and other sampling stan-
dardization approaches. The results of this
study, and any other study seeking to recali-
brate macroevoutionary patterns by standard-
izing sampling effort, must, therefore, be in-
terpreted strictly as estimates for the param-
eters that would have been obtained if sam-
pling effort were more or less uniform.

Results

Uncorrected Patterns. Total crinoid genus
richness, estimated on the basis of taxonomi-
cally and stratigraphically standardized oc-
currence data, appears to increase substan-
tially (Fig. 1A), such that genus richness in the
most recent O-ES time interval (Telychian, 81
genera) is 37% greater than in the richest Or-
dovician stage (Rawtheyan, 59 genera). There
is no correlation between interval duration
and total genus richness (rs � �0.08, p � 0.75),
indicating that variations in interval duration
are not strongly influencing the overall genus
richness pattern. Superimposed on this long-
term increase in richness is considerable short-
term variability, which is highlighted by a
prominent spike in richness during the Raw-
theyan. Interpreted literally, the uncorrected
richness pattern (Fig. 1) suggests that a dra-
matic diversification of crinoids began in the
Middle Ordovician and then continued until
at least the Early Silurian, and that the long-
term increase in richness was interrupted by
several large declines, most notably in the ear-
ly part of the Late Ordovician and then again
in the Hirnantian.

Local, within-biofacies genus richness is
highly variable during the O-ES (Fig. 1B),

ranging from one to 27, with a mean of four
and a median of just two genera per list. Nev-
ertheless, global and local richness are mutu-
ally correlated in that they both increase dur-
ing the O-ES (rs � 0.83). There is, however, no
significant correlation between short-term
variations in mean local richness and in total
global richness within each interval (for first
differences, rs � �0.36, p � 0.14). This sug-
gests that some component of the long-term
increase in global richness that is observed in
the uncorrected data may be influenced by an
increase in the within-biofacies richness of cri-
noids, but that shorter-term variations in glob-
al richness must be driven by variability in
richness at spatial scales above the level of in-
dividual biofacies (i.e., between-biofacies
and/or regional richness).

Rates of genus extinction and origination in
the taxonomically and stratigraphically stan-
dardized data are highly variable on an inter-
val-to-interval basis (Fig. 2) and are not mu-
tually correlated (for first differences, rs �
�0.31, p � 0.20). In the case of extinction,
there is no long-term trend, but there is a large
increase in the Rawtheyan, which corresponds
to the first pulse of the well-known end-Or-
dovician mass extinction (Eckert 1988; Dono-
van 1988, 1989; Sheehan 2001). Rates of orig-
ination show a significant decrease during the
O-ES, but low numbers of genera in the early
part of the time series increase the uncertainty
of these estimates. Nevertheless, it is clear that
a large increase in origination rate, in con-
junction with a substantial decrease in extinc-
tion rate, is associated with the dramatic late
Middle Ordovician increase in genus richness
(Fig. 1).

Sampling Standardized Patterns. Although
many important intrinsic biases arising from
stratigraphic and taxonomic errors have been
ameliorated in these data (Ausich and Peters
2005), the macroevolutionary patterns that
they yield are still based on samples and are
therefore subject to sampling-related biases.
This is particularly true because both the total
number of occurrences (Fig. 3A) and the total
number of biofacies (i.e., lists) (Fig. 3B) used
to calculate these macroevolutionary patterns
show a long-term increase and also vary dra-
matically on a stage-to-stage basis. The num-
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FIGURE 2. Per capita rates of genus extinction (A) and
origination (B) in the uncorrected data. Rates are cal-
culated on a per-interval basis using Foote’s (2000) sur-
vivorship-based rate metrics. Edge effects prohibit cal-
culation of rates in the oldest time interval, but there are
no similar edge effects at the end of the time series.
Origination rates for the Tremadoc are undefined be-
cause of a lack of through-ranging genera.

FIGURE 3. Time series of crinoid sampling intensity
during the Ordovician and Early Silurian. A, Total num-
ber of crinoid occurrences in each time interval. B, Total
number of biofacies in each time interval.

TABLE 2. Linear product-moment correlation coeffi-
cients and p-values between sampled genus richness
and three measures of sampling intensity. All correla-
tions calculated for natural log-transformed data (Fig.
4).

Sample size vs. sampled
genus richness

r p-value

Raw data
Occurrences vs. genera 0.99 —
Biofacies vs. genera 0.90 —
Formations vs. genera 0.84 —

First differences
Occurrences vs. genera 0.96 �0.0001
Biofacies vs. genera 0.81 0.0002
Formations vs. genera 0.80 0.0002

ber of formations sampled in each time inter-
val also varies dramatically, but the overall
pattern for formations is similar to that for bio-
facies and is not shown in Figure 3 (there are
an average of 1.2 biofacies per formation).

Not surprisingly, there is a strong positive
correlation between every measure of sam-
pling intensity and the number of genera re-
covered in each time interval. This is true both
for the raw data and for data that have been
detrended by taking first differences (Table 2).
Figure 4 shows the nature of the relationship
between the number of occurrences and sam-
pled genus richness, which is approximately
log-log linear, as expected on the basis of sam-
pling theory (e.g., Alroy 2000). As discussed
below, we presume that at least some aspects
of the pre–Late Ordovician crinoid occurrence
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FIGURE 4. Relationship between the number of crinoid
genera sampled in a time interval and the number of cri-
noid occurrences in that interval. The best-fit log-log
least-squares linear regression line is shown in arith-
metic space. See Table 2 for correlation coefficients for
all sampling-richness comparisons.

FIGURE 5. Sampling-standardized crinoid genus rich-
ness. A, Standardization based on drawing an equal
number of occurrences from each time interval (assumes
that variation in the number of crinoid genera recovered
from each biofacies is due to variation in local sampling
effort). B, standardization based on drawing an equal
number of biofacies from each time interval (assumes
that variation in the number of crinoid genera recovered
from each biofacies is due to real variation in local rich-
ness). Note that in comparison to the uncorrected rich-
ness pattern, these two end-member approaches yield
broadly similar results. Mean of 1000 subsampling it-
erations � one standard deviation is shown (� one stan-
dard error of mean plots within points). Vertical dashed
lines show locations in time series where minimum sub-
sampling quota was first achieved.

and richness patterns are representative of a
truly depauperate crinoid fauna during this
time, and we will focus our standardization
efforts on satisfying a minimum quota of oc-
currences and biofacies in the Late Ordovician
and Early Silurian.

Figure 5 shows expected total genus rich-
ness, including through-rangers, when an
equal number of occurrences (Fig. 5A) or an
equal number of biofacies (Fig. 5B) are drawn
from each time interval, as described in ‘‘Data
and Methods.’’ Results are not qualitatively
different if sampled within-bin richness (Al-
roy et al. 2001) is tabulated instead of total
richness. The vertical dashed lines in each
panel indicate the first time interval for which
the minimum subsampling quota was
achieved (Fig. 3). Points younger than the
dashed line and without error bars in Figure
5B do not meet the subsampling quota.

Although the subsampling results are nec-
essarily based on relatively few occurrences
(28) and biofacies (8), there are a number of
important differences between the standard-
ized richness pattern and the uncorrected data
(Fig. 1). First, the Harnagian diversification,
which appears to be quite dramatic in the un-
corrected data, is largely maintained after
standardizing sampling, even though the

number of occurrences and biofacies increases
dramatically during this time (Fig. 3; there are
too few occurrences prior to the Harnagian for
meaningful interpretation of the subsampling
results). Second, the Harnagian increase is fol-
lowed by a rise in genus richness no more than
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FIGURE 6. Estimated probability of sampling a crinoid
genus in each time interval given that a genus is known
to span that interval (i.e., through-ranger proportion,
which is equal to the proportion of through-ranging cri-
noid genera that were sampled). The long-term mean
rate of recovery is 0.55, but there is considerable short-
term variation. Data are not shown for oldest three time
intervals because numbers of through-ranging genera
are insufficient. Error bars correspond to one standard
error of the estimated proportion.

approximately 20%. Finally, and most impor-
tantly, there is a significant 25–35% drop in
richness during the end-Ordovician extinc-
tion, regardless of which subsampling proto-
col is used, and this decline is followed by a
rebound to intermediate richness levels in the
Rhuddanian. These two time intervals thus
had significantly fewer genera than any other
Late Ordovician or Early Silurian time inter-
val (Fig. 5).

The overall long-term genus richness trajec-
tories shown in Figure 5, and in particular in
Figure 5A, are difficult to interpret because
the sampling quota is necessarily rather small.
For example, the plateau in genus richness that
appears to be achieved in the Middle Ordo-
vician when occurrences are standardized
(Fig. 5A) could reflect the convergence of sub-
sampling curves at small sample sizes rather
than constant relative richness. The plausibil-
ity of this hypothesis can be evaluated by com-
paring two time intervals that have compara-
ble levels of sampling but that are widely sep-
arated in time. The Soudleyan (Middle Ordo-
vician) and the Telychian (Early Silurian)
satisfy these criteria. The latter has about 20%
more genera than the Soudleyan, regardless of
whether sampled within-bin or total genus
richness is considered. The difference in genus
richness observed between these two time in-
tervals suggests that occurrence-based sub-
sampling (Fig. 5A) may subdue a long-term
increase in genus richness. We therefore favor
the standardization based on biofacies (Fig.
5B), which suggests a modest increase in ge-
nus richness after the late Middle Ordovician
diversification.

The numbers of occurrences, biofacies, or
formations that are available in each time in-
terval (Fig. 3) are likely to be good predictors
of sampling probability, but when occurrence
data are available, gap analysis (Paul 1982)
provides a more direct way of estimating
those probabilities. Gap analysis makes use of
the fact that taxa present before and after a
given time interval must have existed
throughout the entire duration of that interval.
Thus, determining the proportion of through-
ranging genera that is recovered provides an
estimate of the per-interval probability of
sampling, conditioned, of course, on having a

total true duration of at least three time inter-
vals and on a genus being preserved at least
once in two non-adjacent time intervals.

The average gap-estimated probability of
preservation for crinoid genera that satisfy the
through-ranging condition is 0.55, which is
similar to the frequency ratio estimate of 0.5
per stage provided by Foote and Raup (1996)
for Ordovician–Devonian crinoids binned
into time intervals approximately twice as
long in duration as those used here. Although
the average recovery of through-ranging gen-
era is approximately 50% in the O-ES, there is
considerable interval-to-interval variation
(Fig. 6). Rates of recovery climb as high as 0.85
in the early part of the Late Ordovician and
reach a low of 0.33 in the Early Silurian. Over-
all, short-term changes (i.e., first differences)
in through-ranger proportions are significant-
ly positively correlated with the number of oc-
currences and of biofacies (Fig. 3), but they are
not perfectly so (rs � 0.78, p � 0.001 for both).

Sampling standardization has the desired
effect of reducing temporal variation in the
through-ranger proportion (results not
shown) and, therefore, effective rates of pres-
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FIGURE 7. Optimized per-interval rates of extinction
and origination based on Foote’s (2003, 2005) pulsed
turnover model. For the solutions shown here, rates of
preservation were constrained to equal the through-
ranger proportions derived from the occurrence data
(Fig. 6). A, Optimized rates of extinction. B, Optimized
rates of origination. Gray lines show rate estimates for
face-value data (Fig. 2) calculated using the pulsed turn-
over model. Mean optimized rates and error bars cor-
responding to � one standard deviation for 200 itera-
tions are shown.

ervation, but even if sampling standardization
removed perfectly the effects of variable sam-
pling, true variations in extinction and origi-
nation would still be smeared backward and
forward in time because of overall recovery
probability less than unity. It is therefore nec-
essary to remove the effects of incomplete as
well as variable preservation when attempting
to recover true extinction and origination his-
tories.

To estimate underlying true rates of extinc-
tion, origination, and preservation given only
the empirical survivorship matrices derived
from the observed genus first and last occur-
rences, we used Foote’s (2003) survivorship-
based rate optimization algorithms. Pulsed
extinction and origination models were used
for the reasons outlined by Foote (2005). In the
first set of optimizations, rates of preservation
were free parameters fit by Foote’s algorithms.
Despite the short time series and the relatively
few genera that were available to constrain the
solutions, rates of preservation fit by Foote’s
optimization procedure are positively corre-
lated with the empirical through-ranger pro-
portions (for first differences: rs � 0.53, p �
0.03). Although the correlation is not strong,
the general convergence of two independent
approaches to estimating preservation sug-
gests that both are estimating the same pa-
rameters. Therefore, we conducted a second
rate optimization in which rates of preserva-
tion were constrained to be equal to the em-
pirical through-ranger proportions shown in
Figure 6 (preservation rates were allowed to
vary in intervals for which through-ranger es-
timates are unavailable). This reduced by al-
most one-third the number of parameters fit
by the model which in turn reduced the error
associated with the optimized evolutionary
rates.

Preservation-constrained evolutionary rates
derived from Foote’s optimization procedure
are shown in Figure 7. For comparison, the
raw time series of extinction and origination
from Figure 2, calculated using the pulsed
turnover model for comparison, are shown by
the gray lines. In principle, differences be-
tween the raw rate estimates and the opti-
mized rate estimates are due to variable pres-
ervation and to the forward and backward

smearing of true variations in rates of turn-
over (i.e., the Signor-Lipps effect). For exam-
ple, some of the extinctions that in reality may
have occurred during the Rawtheyan would
appear to have occurred in the Cautleyan,
thereby inflating the extinction rate for this in-
terval. In the case of origination, the opti-
mized solution suggests that some of the orig-
inations that actually occurred during the first
two Silurian time intervals appear to have oc-
curred during the Telychian, which is consis-
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tent with the low rates of through-ranger re-
covery observed in the first two Silurian in-
tervals (Fig. 6). As did Foote (2003), we found
that rates of origination in the uncorrected
data have a lower fidelity than do rates of ex-
tinction. In the case of extinction, there is a sig-
nificant positive correlation between first dif-
ferences in the uncorrected rates and the op-
timized rates (rs � 0.98; p � 0.0001), which re-
flects the fact that adjusting face-value
extinction rates for incomplete preservation
modifies the time series, but not so much as to
fundamentally change the temporal pattern.
Origination rates, on the other hand, are more
strongly modified by the rate optimization
procedure. The correlation between first dif-
ferences in uncorrected origination rates and
the optimized origination rates is positive, but
weaker than that for extinction (excluding Tre-
madoc, rs � 0.59; p � 0.02). We found that
Foote’s (2003) explanation for the higher fidel-
ity of extinction relative to origination may
also apply to crinoids. True peaks of extinc-
tion tend to occur during times with high
rates of preservation, whereas true peaks of
origination tend to occur in intervals with
lower preservation rates, thereby subduing
peaks of true origination in uncorrected data
(cf. Figs. 7, 2). The net effect of such an asym-
metry will be a greater distortion of origina-
tion relative to extinction.

Foote’s (2003) optimized rate estimates for
O-ES crinoids demonstrate that much of the
apparent short-term variation in rates of ex-
tinction and origination is not an artifact of
variable preservation. What factors may be
driving the macroevolutionary history of cri-
noids? Foote (2003) and Peters (2005) suggest-
ed that many of the original hypotheses for
the causes of mass extinctions and other mac-
roevolutionary patterns that were first pro-
posed by Newell (1949, 1952) are correct be-
cause many disparate features of the macro-
evolutionary history of marine animals are re-
produced by analogous spatio-temporal
patterns in the sedimentary rock record. The
possibility that both the environmental dy-
namics recorded by sedimentary rocks and
the macroevolutionary history of marine ani-
mals are driven by a common suite of forcing

mechanisms has been called the ‘‘Common
Cause Hypothesis’’ (Peters 2005, 2006a).

To evaluate the Common Cause Hypothesis
for O-ES crinoids, we re-tabulated the occur-
rence-based rate estimates using a binning
strategy that permits direct comparisons to
area-weighted rates of expansion and contrac-
tion of sedimentary rock packages, as calcu-
lated by Peters (2005, 2006b). There is good
agreement between changes in rates of crinoid
extinction and changes in the rates of sedi-
mentary package ‘‘extinction’’ (i.e., basin con-
traction/termination; Fig. 8A). The absolute
values of the extinction rates are also similar,
but the average crinoid rate is somewhat high-
er than that for sedimentary packages. There
is no similar agreement between rates of cri-
noid origination and sedimentary package
initiation (Fig. 8B).

Discussion

Given only the strong positive correlations
between various measures of sampling inten-
sity and the number of genera recovered in
each time interval (Table 2, Fig. 4), it would be
reasonable to hypothesize that all of the short-
and long-term patterns of crinoid genus rich-
ness (Fig. 1) might be little more than sam-
pling artifacts and that true genus richness has
remained nearly constant throughout the
study interval. However, the sampling-stan-
dardized richness patterns indicate low rich-
ness until the end of the Middle Ordovician,
after which time richness remains more or less
constant until the end-Ordovician extinction.
This pattern of genus richness temporally par-
allels the expansion of crinoids from hard-
grounds to various unconsolidated substrata
(Guensburg and Sprinkle 1992; Sprinkle and
Guensburg 1995), an ecological transition that
may have been facilitated by the evolution of
holdfasts suitable for life on soft substrates.

Taphonomic tests for the hypothesis that a
true diversification of crinoids occurred dur-
ing the Middle Ordovician are possible be-
cause pelmatozoans are known to occur both
on hardgrounds and in unconsolidated sedi-
ments throughout the Early and Middle Or-
dovician. Thus, if crinoids were abundant in
soft-substrate communities before the Middle
Ordovician, it is likely that they would have
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FIGURE 8. Per capita rates of crinoid turnover (solid
lines) and per-package rates of sedimentary basin turn-
over (dashed lines). A, extinction, B, origination. In or-
der to permit direct comparison, both sets of rates have
been calculated for Sepkoski’s (2002) stages, as opposed
to the finer time scale used elsewhere in this study (Ta-
ble 1). Crinoid rates for the first two stages are unde-
fined and are therefore not shown. There are too few
data to calculate reliable correlations, but it is clear that
rates of stratigraphic truncation are similar to rates of
extinction for crinoids (for first differences, rs � 0.80; p
� 0.33) and that rates of sedimentary package initiation
are not similar to rates of crinoid origination (for first
differences, rs � 0.20; p � 0.92). See text for discussion.

been frequently encountered in pelmatozoan-
bearing biofacies. However, crinoids are not
present in many of these assemblages and cri-
noid abundance and richness remain low until
the late Middle Ordovician. Thus, we argue
that the sample-standardized pattern (Fig. 5,
and in particular Fig. 5B) reflects, at least in a
general sense, the actual relative crinoid rich-
ness trajectory through this interval.

Newell (1949, 1952), Valentine and Moores
(1970), Johnson (1974), Schopf (1974), and
Simberloff (1974) were among the first to pro-
pose that the expansions and contractions of
epi-continental seas may have been domi-
nantly responsible for many of the macroevo-
lutionary patterns observed among marine
animals. Most of these discussions focused on
species-area effects and the possibility that
mass extinctions may have been induced by
the elimination of shallow marine environ-
ments and their associated ‘‘perched’’ endem-
ic faunas. There is now good quantitative ev-
idence to suggest that such factors, as well as
correlated environmental changes, have in-
deed exercised a first-order control on global
biodiversity and rates of extinction and orig-
ination during the Phanerozoic (Peters 2005,
2006a). This hypothesis is known as the
‘‘Common Cause Hypothesis’’ because the
pervasive similarities between the rock and
fossil records suggest a shared set of forcing
mechanisms. The alternative hypothesis, name-
ly that first and last appearances are concen-
trated at sequence boundaries as a result of
sampling failures (Holland 1995, 1996), can be
discounted because extinction and origination
rates are not equally positively correlated
with the rock record (Fig. 8) (Peters 2005), as
required by a simple unconformity bias sce-
nario, and because the distribution of gap du-
rations does not predict biological turnover
rates (Peters 2006a).

Although the data are presently too few to
test rigorously the correlation between sedi-
mentary package turnover and crinoid turn-
over, the results presented here are congruent
with those of Peters (2005), who also found
that rates of extinction among marine animals
are more strongly correlated with rates of sed-
imentary package truncation than rates of
origination are correlated with rates of sedi-
mentary package initiation. Thus, the results
of this study suggest that contractions of epi-
continental seas, as well as correlated environ-
mental changes, may have been a primary de-
terminant of extinction among O-ES crinoids.
The same is not true for crinoid origination
during this time (Fig. 8). Instead, it is probable
that biotic factors, such as the acquisition of
morphological innovations permitting ecolog-
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ical expansions and interactions with other
taxa during the Ordovician radiation (e.g.,
niche partitioning and tiering) were more im-
portant drivers of origination for crinoids.
Further work is required to fully test the Com-
mon Cause Hypothesis as a dominant forcer of
extinction among O-ES crinoids and to estab-
lish a range of testable hypotheses for the
abrupt radiation that appears to have occurred
in the Middle Ordovician, but the new sam-
pling-standardized macroevolutionary history
presented here is an important step toward a
more nuanced understanding of the drivers of
macroevolutionary patterns for an important
constituent of many Paleozoic marine com-
munities.
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